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Abstract. VERITAS observed the supernova remnants Cassiopeia A (Cas A) and IC 443 during 2007, resulting in strong 
TeV detections of both sources. Cas A is a young remnant, and bright in both the radio and nonthermal X-rays, both tracers 
of cosmic-ray electrons. IC 443 is a middle-aged composite remnant interacting with a molecular cloud; the molecular cloud 
provides an enhanced density of target material for hadronic cosmic rays to produce TeV gamma rays via pion decay. The 
TeV morphology - point-like for Cas A and extended for IC 443 - will be discussed in the context of existing multiwavelength 
data on the remnants. 
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INTRODUCTION 

Fermi acceleration in supernova remnants (SNRs) has 
long been considered as one of the likely explanations 
for the origin of cosmic rays (CRs) up to the knee at 
- 3 • 10 15 eV. This scenario drives the observations of 
SNRs in the very-high-energy (VHE) gamma-ray band, 
where measurements of the morphology and energy 
spectrum, when combined with multiwavelength obser- 
vations, hold promise to constrain models of diffusive 
shock acceleration and the potential to discriminate be- 
tween gamma-ray production by leptonic and hadronic 
cosmic rays. For example, the deep H.E.S.S. observa- 
tions of RX J17 13.7-3946 reveal an energy spectrum ex- 
tending beyond 30 TeV, implying particle acceleration to 
well beyond 100 TeV[l]. Unfortunately, in many cases 
(including RX J1713. 7-3946) uncertainty in the environ- 
ment makes it difficult to discriminate conclusively be- 
tween hadronic and leptonic scenarios for the gamma-ray 
emission. 

Cassiopeia A (Cas A) is a young remnant, believed 
to be about 300 years old and at a distance of 3.4 kpc. 
It has a diameter of 5 arcmin, making it a point source 
for TeV telescopes. Cas A was first detected in TeV by 
HEGRA[2], with a flux of - 3.3% Crab above 1 TeV. 
The detection was confirmed by MAGICH at 5.3 <7 
in a 47-hour observation, yielding a flux above 1 TeV 
of (7.3 ±0.7 stat ±2.2,.„.) x 10~ 13 cirrV 1 and a spec- 
tral index of 2.3 ± 0.2 sraf ± 0.2 sys , consistent with the 
HEGRA results. Cas A is an interesting TeV SNR be- 
cause of its low age, detailed observations across all 
wavelengths, and relatively simple local environment, 
making it attractive for constraining models of particle 
acceleration in shocks. 

IC 443, by contrast, is one of the classic examples of a 



SNR interacting with a molecular cloud - placing it in a 
complex environment and greatly affecting its evolution. 
While the environment makes modeling difficult, TeV 
emission coincident with the site of the shock/cloud in- 
teraction arguably provides a smoking gun for the accel- 
eration of hadronic cosmic rays. IC 443 is about 1.5 kpc 
away and has a diameter of ~ 0.75°, with an appearance 
of two half-shells. One is expanding to the northeast and 
interacting with an H t region, and the other is expand- 
ing to the southwest, where it is interacting with a gi- 
ant molecular cloud at several points. The cloud has a 
mass of ~ 10 4 M Q ||4|], mostly along the line of site to IC 
443; maser emission has been observed in this region(5J. 
The age of IC 443 is unclear; Troja et al. place it at 
< 10 kyr, possibly around 4 kyrd]. The PWN CXOU 
J06 1705. 3+222 127 is located at the southern edge of 
the remnant|0, H, & ■ While pulsed emission has not yet 
been detected, the inferred £ has been estimated indi- 
rectly at - 10 36 erg s^Hi] and - 5 x 10 37 erg s _1 |H] 
- a large range, but suggesting a fairly energetic pulsar. 
Both MAGIC and VERITAS have reported TeV emis- 
sion from the central region of the remnant, coincident 
with the maser emissionOjKjLAn EGRET GeV source 
also overlaps the remnant ! lU U2I1 . 

VERITAS observed both Cas A and IC 443 during 
2007, and the results of those observations are discussed 
below. 



OBSERVATIONS AND ANALYSIS 

VERITAS is an array of four 12-m-diameter Cherenkov 
telescopes located at the base camp of the Whipple Ob- 
servatory (111.0° W, 31.7° N, elevation 1268 m). Each 
telescope is equipped with 499-pixel camera providing a 



3.5° field of view. Signals are buffered for 32 fis in 500- 
Msps FADCs. A camera is triggered when three adjacent 
pixels each record a signal above 50 mV (~ 4.5 p.e.) 
within a 13-ns window. The array is triggered and the 
DAQ read out when at least two cameras trigger within 
100 ns. The typical array trigger rate is ~ 270 Hz near 
zenith. 

Both Cas A and IC 443 were observed in wobble 
mode, with the telescope pointing offset by 0.5° from 
the target direction for roughly equal amounts of time 
in each of four equally spaced directions. Cas A was 
observed for 25 hours in October/November, 2007 with 
four telescopes. After data quality selection (for rate 
stability and good weather) and correction for deadtime, 
an exposure of 20.3 hours remains with an average zenith 
angle of 30°. 

IC 443 was observed during two periods: with three 
telescopes in February /March, 2007 (during the commis- 
sioning phase of the array) for 20 hours; the PWN was 
the target for these observations. An additional 25 hours 
of observations were taken in October/November, 2007 
using the full four-telescope array and targeting the loca- 
tion of the emission observed previously, 06 16.9 +22 33. 
After quality selection and deadtime correction, the data 
set has a livetime of 37.1 hours and an average zenith 
angle of 18°. 

The data analysis is described more fully in [13]. 
In brief, pixel gains are flatfielded user laser flashes 
recorded during nightly calibration runs. Charges are in- 
tegrated over a seven-sample (14 ns) window. A two-pass 
cleaning algorithm with thresholds of 5 and 2.5 times 
the pedestal RMS is used; isolated pixels which survive 
the image cleaning are then eliminated. The images are 
parameterized according to the Hillas prescription lfl4Tl . 
and then the shower direction and core location is de- 
termined. Lookup tables provide expected values for the 
image width, length, and energy, and are used to con- 
struct the gamma-hadron separation parameters Mean 
Scaled Width (MSW) and Length (MSL), and an esti- 
mate of the shower energy. Images are included in the 
reconstruction if they have at least five pixels, if the cen- 
troid is less than 1.43° from the center of the camera, 
and if the image size (sum of the pixel charges) is at 
least 400 d.c. (~ 75 p.e.). Gamma-hadron separation is 
applied by requiring at least two good images per event, 
cutting events in which only Tl and T4 have good im- 
ages (due to their short baseline, which leads to relatively 
poor reconstruction), and requiring 0.05 < MSW < 1.16 
and 0.05 < MSL < 1.36. For generating maps, an inte- 
gration (smoothing) radius of 0.115° is used. These cuts 
have been optimized for weak sources with a Crab-like 
spectrum. The background is estimated using the "ring 
background model" (see, e.g., lfl5ll ). 

The IC 443 field contains two bright stars, including 
one that is ~ 0.5° from the center of the remnant. The 



Significance Map (smoothed) 
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FIGURE 1. Cas A significance map. 



stars require that several pixels be turned off during ob- 
servations to prevent damage to the PMTs, suppressing 
the system acceptance for showers that originate in their 
direction. This is dealt with in the analysis by excluding 
regions around the stars from the background estimation 
for other parts of the map (though this leaves a deficit at 
the location of the star in the map). To confirm that the 
stars are not unduly affecting the analysis, the results are 
compared with those derived from an independent anal- 
ysis chain using a template background model. 



CASSIOPEIA A 

Figure Q] shows the significance map for the Cas A field 
and Figure [2] shows the distribution of events as a func- 
tion of the square of the angular distance from the source 
location. Clear peaks are seen at the location of Cas A, 
with a significance of 9.8 a and a flux (determined by 
comparing to the rate of gamma rays from the Crab Neb- 
ula) of ~ 3 % Crab, consistent with the HEGRA and 
MAGIC results. The emission is consistent with a point 
source within the instrument's angular resolution, and the 
spectral analysis is under way. 



IC 443 

Figures [5] and [3] show the excess maps from the ring 
background model and template analyses, respectively. 
They agree well on the centroid and extension of the 
excess. 

Figure|4]shows the distribution of theta-squared for IC 
443, compared with the same distribution for observa- 
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FIGURE 2. Cas A theta-squared distribution. 
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FIGURE 3. Excess map for IC 443 using a template back- 
ground model from an independent analysis chain. Note that 
the RA axis is reversed with respect to Figure [5] The cross in- 
dicates the VERITAS centroid and uncertainty, the black circle 
indicates the MAGIC centroid, and the black square indicates 
the location of the PWN. 



tions of the Crab Nebula. The extended nature of the IC 
443 emission is clear. Fitting a 2-d gaussian to the un- 
correlated excess map yields a centroid location of 06 
16.9 +22 32.4 ±0.03° 4far ±0.07% and an extension of 
0.17° ± 0.02% ± 0.04%, after accounting for the in- 
trinsic TeV PSF. This extension is not inconsistent with 
MAGIC's report of a point-like source, given the differ- 
ence in angular resolution between the two instruments 
and the much deeper VERITAS observation. 

Figure [5] shows the TeV emission from IC 443 in a 
multiwavelength context. It is striking that the TeV emis- 
sion correlates well in position with the densest concen- 
tration of matter and with the maser emission. This spa- 
tial coincidence suggests that the observed gamma radi- 
ation is produced by hadronic cosmic rays accelerated in 
the remnant's shock, either in a scenario where a portion 
of the SNR evolves in the molecular cloud[16] or in a 
scenario where cosmic rays leaking out of the SNR have 
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FIGURE 4. (top) IC 443 theta-squared distribution for on- 
source (filled circles) and background (open circles) data, (bot- 
tom) IC 443 theta-squared excess compared to the Crab Nebula, 
zoomed in to the region of excess. 



propagated ahead of the shock and into the cloud fi j IT7h . 
The recent AGILE detection of GeV emission [18] shifts 
the GeV centroid away from the TeV emission, and sug- 
gests that they are two independent sources. 

The PWN CXOU J06 1705. 3+222 127, with an offset 
of ~ 0.2° from the TeV centroid, is an alternate candidate 
as the source of TeV emission lfl9ll . However, as lfl7ll 
argues, it is difficult in this scenario to reconcile either 
the displacement of the EGRET source with respect to 
the PWN or the TeV morphology with the distribution 
of target photons available to drive inverse Compton 
scattering. 



CONCLUSIONS 

VERITAS has made strong detections of both the Cas- 
siopeia A and IC 443 supernova remnants. Cas A is ob- 
served to have a flux of ~ 3 % Crab and appears pointlike 
within the instrument's resolution. These results are con- 
sistent with previous observations. 

The emission from IC 443 is extended, yielding a 
sigma of ~ 0.17° when fit with a two-dimensional gaus- 
sian. It has an integral flux of ~ 3 % Crab above 
200 GeV. The TeV emission is coincident with both the 
densest part of the molecular cloud that IC 443 is inter- 
acting with and the maser emission observed within that 
cloud, strongly suggesting that the gamma rays are pro- 
duced by the interaction of hadronic cosmic rays with 
cloud material. An alternative explanation in terms of an 
association with the PWN CXOU J06 1705. 3+222 127 is 
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FIGURE 5. IC 443 excess map in a multiwavelength context. The color scale indicates the TeV excess rate (arbitrary units). The 
VERITAS centroid is indicated by the cross, with the uncertainty in position indicated by the lengths of the arms. The one-sigma 
extension is indicated by the white circle. The MAGIC centroid is indicated by a white star, immediately below the triangle that 
marks the location of maser emission. The PWN is indicated by a filled white star. Contours are overlayed indicating CO emission 
(short dashed lines), X-rays (solid lines), and GeV (long diashed lines). 



also possible but seems less likely. 
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